Long-term kidney graft survival is affected by different variables including donor condition, ischemia-reperfusion injury, and graft rejection during the transplantation process. The complement system is an important mediator of renal ischemia-reperfusion injury and in rejecting allografts. However, donor complement C3 seems to be crucial in renal transplantation-related injury as renal injury is attenuated in C3 deficient kidney grafts. Interestingly, before ischemia-reperfusion induced C3 expression, C3 is already induced in donors suffering from brain death. Therefore, strategies targeting complement activation in the brain-dead donor may increase graft viability and transplant outcome.
L ong-term graft survival of renal transplants is determined by different variables including donor condition, kidney preservation, human leukocyte antigen matching, duration of cold and warm ischemia, and injury caused by reperfusion during transplantation (1) . For years, several research groups have focused on the impact of ischemia-reperfusion injury (IRI) on long-term kidney graft survival. Besides the importance of IRI, also the condition of the donor does determine long-term graft survival. Terasaki et al. showed that kidneys obtained from living donors, despite a high degree of human leukocyte antigen mismatching, had higher survival rates compared with deceased grafts obtained from brain-dead or non-heart beating donors. These results did not depend on the duration of cold ischemia, so other causes had to be considered (2) . As the majority of deceased grafts are derived from brain-dead donors, the hypothesis was formulated and subsequently confirmed during the past years that brain death (BD) should be regarded as a risk factor for long-term graft survival. Our group and others have shown the negative influence of donor BD on organ viability and survival rates after transplantation in various organs (3) (4) (5) (6) .
Recently, several groups investigated the role of complement in clinical renal transplantation. Complement component C3 is the central complement component on which all complement pathways converge. Local renal production of complement C3 seems important in graft rejection, because the absence of locally synthesized C3 significantly reduces renal allograft rejection (7) . These studies emphasize the pathogenic role of complement in renal transplantation-related injury and indicate that strategies targeting complement induction during the transplantation process could improve transplant outcome. In this review, we will discuss three moments of complement activation during the transplant process: at the time of rejection, IRI, and as a result of donor condition.
The Complement System
The complement system is an important part of the innate immune response and has diverse roles in defensive immunity. Essentially, the complement system is involved in the elimination of pyogenic bacteria, the interaction between innate and adaptive immunity, and the clearance of cellular debris and immune complexes after inflammatory injury. Three different complement pathways can be distinguished: the alternative pathway, the classical pathway, and the lectin pathway. The alternative pathway cascade is activated when hydrolyzed C3, which is continuously formed through cleavage of systemic C3 ("C3 tickover"), binds to microbe cell surface components in vicinity. The classical pathway is activated after the binding of C1 to antibody-antigen complexes, damaged cells, or cell particles. The lectin pathway is activated when circulating lectins such as mannose binding lectin (MBL) and ficolins bind to carbohydrate mannose residues on certain microbes. Activation of the three pathways results in the formation of a C3-and subsequently a C5 convertase eventually leading to the formation of the membrane attack complex (MAC) C5b-C9. In addition to the capacity to generate MAC, the split products of C3, C4, and C5 have immunomodulating functions (8, 9) .
Rejection
Schematically, renal allograft rejection can be divided in humoral (i.e., B-cell dependent) and cellular (i.e., T-cell dependent) rejection. Interaction between complement and the B-cell response in renal transplantation has been extensively described; however, the pathogenesis of complement mediated T-cell responses still remains unclear (10 -13) . Recently, it is shown that donor proximal epithelium cell-bound C3 and dendritic C3 are able to potentiate the T-cell response in vitro, whereas macrophages deficient for C3 have an impaired potency to stimulate alloreactive T-cells (14 -16) . These results suggest that C3 is able to interact with alloreactive T-cells, enhancing the alloimmune response. Evidence exists that C3 is activated through the alternative pathway, as increased synthesis of alternative pathway components are observed at the interaction between antigen presenting cells (APCs) and T-cells (17) . Moreover, absence of donor factors B and D showed impaired T-cell responses whereas absence of C4 in vivo or in vitro does not influence, respectively, T-cell responses or allograft rejection (16 -18) .
Once C3 is activated, C3a and C5a are generated that are able to potentiate the T-cell response through their receptors. In this context, Heeger et al. showed that decay accelerating factor, which dissociates C3-and C5-convertases on the cell surface, is a potent regulator of T-cell differentiation. Absence of decay accelerating factor on APCs enhances C5a dependent IL-12 secretion by APCs thereby stimulating T-cell differentiation (19) . Besides, also C3a is able to regulate the alloimmune response through its receptor on APCs (20) . Extensive review articles on the role of T-cells and complement in allograft rejection are recently published by Sacks et al. and Zhou et al. (21, 22) .
Ischemia-Reperfusion Injury
Renal IRI occurs when a reduced or deprived blood flow exists through the renal artery followed by recovery of blood perfusion, provoking an inflammatory response. The process is complex and poorly understood but is, among other factors, characterized by infiltration of neutrophils, induction of proinflammatory proteins on vascular endothelial cells, reactive oxygen species formation, and complement activation (23) (24) (25) . Regarding complement, Zhou et al. showed that C3-, C5-, and C6-deficient mice were protected from renal IRI, whereas C4 deficient mice remained susceptible for IRI. Substitution of C6-deficient mice with C6 did indeed reestablish sensitivity for IRI whereas treatment with C5a antibodies did not show additional renal protection (26) . These findings indicate that the injury seen after renal IR is probably regulated by the MAC and less by C5a mediated neutrophil recruitment. However, de Vries et al. showed that a C5a-receptor-antagonist (C5aRA) was capable to attenuate renal IRI. Protective effects of C5aRA were shown to be independent of neutrophil influx pointing at other mechanisms of C5a through the C5a receptor (C5aR) (27) . Possibly, there is a direct effect of C5a on the renal tubular epithelium after induction of several proinflammatory genes. Also, Arumugam et al. (28) showed a marked reduction of renal IRI after treatment with a C5aRA.
Thus it seems that C5a and the MAC are both involved in the pathogenesis of IRI in the kidney. Although Zhou et al.
showed full protection against renal IRI in C3 deficient mice, other studies showed only partial protection (29 (30, 31) . Therefore, in the studies using longer ischemia times, contribution of complement, and especially contribution of the MAC, to IRI seems to be more significant. Besides differences in duration of IR also different mouse strains, different models of IRI and the unknown secondary effects of knock-outs might explain the differences in observed outcomes.
It is important to know through which complement pathways IRI is mediated as it disguises its initiation. The study carried out by Zhou et al. (26) , showed that mice deficient in C4 were not protected against renal IRI. In addition, absence of C4 in the donor or recipient fails to prevent renal allograft rejection in mice (18) . These data indicate that renal IRI is most probably not mediated through the classical pathway as C4 is an essential component of the classical complement pathway. Furthermore, Park et al. demonstrated that renal IRI is independent from immunoglobulins and Tlymphocytes, although others determined an important role for T-and B-cells in IRI (29, 32, 33) . However, B-cell mediated IRI seems to occur independent of complement (32) . Confirming the importance of the alternative pathway, additional studies show less IRI, a decline of tubulointerstitial C3 deposition, and neutrophil influx in factor B deficient mice (34) . Also the increased alternative pathway activation in kidney biopsies from patients with acute tubular necrosis was observed (35) . Recently, involvement of the MBL-pathway in renal IRI was demonstrated in a mouse renal IRI model and in clinical posttransplant acute renal failure. A strong colocalization was seen between MBL-A and -C depositions and C6 deposition, indicating MBL involvement of renal complement activation (36) . Furthermore, knock-out mice for MBL-A and MBL-C were protected from kidney damage after IR. Reconstitution of knock-out mice with recombinant human MBL before surgery restored renal damage after IR, confirming the importance of the MBL-pathway in renal IRI (37) . Probably, MBL-mediated renal IRI acts through direct splicing of C3 by mannan-binding lectin serine peptidase 1 and not through C4, as C4 knock-out mice were not protected against renal IRI. Thus several studies indicate a prominent role of both the alternative-and MBL pathway and less for the classical pathway in renal IRI.
Renal IRI mainly involves tubular epithelium and thus, if circulating complement components are important in renal IRI, penetration through the vascular endothelium into the extravascular compartment is needed. However, some of the major complement components have such a large molecular size that penetration through the basal membrane is probably very poor if not impossible. Therefore, involvement of locally produced complement in the extravascular compartment seems more likely, whereas circulating complement components possibly have a more prominent role in vascular endothelial damage after reperfusion of an ischemic kidney. Although most complement components are synthesized in the liver by hepatocytes during the acute phase response, the kidney itself is a prominent producer of complement. Endothelial cells, mesangial cells, glomerular epithelial cells, and tubular epithelial cells are capable of producing complement components in vitro (38 -44) . One reason that locally extravascular produced C3 is such a major factor responsible for renal IRI, might be the lack of regulator proteins on the tubular epithelium. Normally, the complement system is tightly regulated because of the presence of complement regulator proteins (45, 46) . These proteins protect complement-mediated injury in the host and deficiency of these proteins is associated with several renal diseases (47) (48) (49) (50) . CR1/related gene-protein y (Crry) is expressed on rodent tubular epithelial cells being most susceptible for IRI (51) . Crry is a complement inhibitor, binding C3 and C5 convertases, thereby reducing both classical and alternative complement pathway activity. Decreased Crry expression leads to increased sensitivity for IRI and poorer graft function (51, 52) . Moreover, mice overexpressing Crry are protected from acute renal failure. In contrast, treatment with Crry-Ig did not influence renal IRI outcome, which can be explained by the short time period of IR and the use of heparin, a potent complement inhibitor, obscuring possible benefits (53) . In summary, these results indicate that endogenous Crry expression regulates complement activation on the tubular epithelium. As complement is highly expressed on the renal tubular epithelium in IRI, it is likely that Crry complement regulation is overwhelmed by tubular complement deposition or tubular Crry is lost because of ischemia.
Donor Condition
During the past years more and more evidence has been found that not only posttransplantation factors, but also the condition of the donor is of major importance for long-term kidney graft survival (2) . In kidney transplantation, grafts are retrieved from living, heart beating, and non-heart-beating donors. The majority of donor kidneys are retrieved from heart beating or brain-dead donors who suffer from hemodynamic and hormonal instabilities resulting in immune activation, thereby affecting organ viability before transplantation. The nature of organ immune activation in brain-dead patients was first investigated using rat brain-dead models. A series of animal studies by different groups have shown upregulation of proinflammatory molecules and influx of polymorphonuclear cells and MØ in the kidney (5, 6, 54) . Also in human brain-dead donors, an identical immune activation was observed in donor kidneys (55) . Furthermore, kidneys having suffered from BD show poorer function and lower graft survival after transplantation (56, 57) . Therefore, appropriate treatment in the donor will be effective to improve donor organ quality and subsequently transplant outcome. A better insight however in the processes of BD is essential to determine the target of intervention. Successful intervention strategies to reduce the proinflammatory response induced by BD have been reported. Dopamine has been shown to reduce major MHC class II and P-selectin expression and prevented upregulation of TNF-alpha and MCP-1 (58) . Furthermore, P-selectin blockade therapy has been demonstrated to improve renal allograft function from brain-dead donors (59) . Interestingly, enhanced complement production is required for upregulation of P-selectin and CXC chemokines (such as MCP-1) in IR models (60, 61) . Finally, recent findings suggest that interventions may be even more efficient when given already to brain dead donors. Local production of complement already in the donor kidney might have devastating consequences for kidney viability (7) . Interestingly, also donor C3 allotype influences long-term renal transplant outcome (62). Kusaka et al. (6) were the first to demonstrate the presence of complement in kidneys of rat brain-dead donors. Recently, our group observed comparable results in a time course experiment of BD. Briefly, BD was induced in rats and organs were retrieved after 0.5, 1, and 4 hr of BD. Kidneys showed an eight times upregulation of complement C3 gene expression after 4 hr of BD compared with sham operated animals (data not published). These data suggest involvement of the complement system in the pathogenesis of renal injury caused by BD. To evaluate the clinical validity of complement expression in rat brain-dead donors, we examined C3 expression in human kidney biopsies obtained from human brain-dead and living donors during organ procurement. Gene expression of C3 was significantly higher (eightfold) in kidney biopsies obtained from brain-dead donors compared with living (un)related donors. Furthermore, additional experiments suggested no enhanced renal C3 expression resulting from injury related to cold ischemia or reperfusion after the pre-existing upregulation after BD. Most interestingly, we also demonstrated an association between C3 gene expression and renal transplant function in allograft from brain-dead donors early after transplantation: High C3 expression in kidneys from brain-dead donors after transplantation is negatively associated with early posttransplant renal function.
These findings suggest that after reperfusion of the renal allograft, large amounts of complement, already induced by the BD insult before transplantation, are present in vicinity of damaged tissue. Besides, no additional C3 expression is found because of reperfusion after BD. For that reason, the intervention in complement activation in allografts from brain-dead donors before transplantation is potentially more effective to improve allograft function than at the time point of reperfusion injury after transplantation.
Targeting the Complement System
Because involvement of complement in renal transplantation becomes more clear, strategies targeting the complement system might become a promising approach in reducing renal allograft injury with subsequent improvement of transplant outcome. The complement activation cascade can be targeted at different levels to attenuate complement mediated injury using, for example, soluble complement receptor 1 (sCR1), C5 antibodies, or a C5aRA.
sCR1 is a complement regulator protein and has two important functions in diminishing complement cascade activation: acting as a cofactor for C3b and C4b breakdown and acceleration of C3-and C5-convertase degradation (63) . In a rat model of intestinal IRI, treatment with sCR1 significantly reduced intestinal myeloperoxidase activity and mucosal injury (64) . sCR1 administration also ameliorated the protection of the rat liver from IRI (65, 66) . In renal transplantation, sCR1 has been shown to prevent acute rejection and to extend kidney allograft survival (67, 68) . In clinical practice, sCR1 has already been successfully used in the treatment for myocardial IRI thereby reducing myocardial infarct size by at least 44% (69 -71) . Moreover, TP10 (an sCR1) did significantly decrease incidence of mortality and myocardial infarction in high-risk male patients undergoing cardiac surgery or cardiopulmonary bypass, although primary endpoints of the study were not improved (myocardial infarction, prolonged intraaortic balloon pump support, prolonged intubation) (72) .
Other complement regulator proteins (e.g., CD59, CD55, or CD46) or agents upregulating these proteins are possible mechanisms for intervention. Zhang et al. (73) , for example, managed to produce a fusion protein of an immunoglobulin with CD59 (CD59-Ig), which has the ability to inhibit MAC-formation in a site-specific manner. Because MAC formation plays a role in renal IRI, this might be a tool preventing MAC-induced renal injury during IR.
Another approach to inhibit complement activation more downstream in the cascade is by blocking the conversion of C5 and thereby inhibiting formation of C5a and the MAC. Amsterdam et al. were the first to investigate the influence of monoclonal antibody administration against C5a during myocardial infarction in pigs. They found an inhibition of neutrophil cytotoxic activity after treatment with mAb against C5a (74) . Furthermore, Vakeva et al. observed decreased myocardial IRI when rats were treated with mAb against complement C5 (75) . Also in a mouse model of renal IRI, treatment with a monoclonal antibody against C5 prevented late inflammation and apoptosis (76) . Concerning renal IRI, as described before, several groups managed to reduce kidney injury (28) and even renal function (27) after treatment with C5aRA in different models of renal IRI.
Another strategy to target complement-mediated injury is by using small interfering RNA thereby silencing C3 or C5, consequently attenuating or inhibiting further complementmediated injury (77, 78) . Furthermore, blocking the alternative pathway of complement-reduced serum urea nitrogen levels and extent of apoptosis after IRI in treated mice compared with controls (79) .
Thus, several strategies can be effectively used to target the complement system in different models of IRI. Targeting complement activation should be focused on alternative pathway and MBL-pathway dependent activation of the terminal pathway, and production of chemokines such as C5a and C3a. Finally, recent findings suggest that interventions may be even more efficient when given already to BD donors.
CONCLUSION
Absence of C3 in transplanted kidneys greatly improves kidney survival after transplantation, indicating the importance of local complement production by the donor kidney. It is proven that complement has important mediator functions during kidney rejection and renal IRI. However, complement is already induced after the onset of BD in the donor, before kidney transplantation. Therefore, if contribution of BD-induced complement seems to be substantial, intervening in complement induction has to occur before or shortly after the onset of BD.
